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Abstract: Observers in de Sitter space can only access the space up to their cosmologi-
cal horizon. Assuming thermal equilibrium, we use the quantum Ryu-Takayanagi or island
formula to compute the entanglement entropy between the radiation inside and outside the
cosmological horizon as a function of time, which is found to stop growing when the value
corresponding to the Bekenstein-Hawking entropy is reached.
At this transition an ‘island’ forms, which is in a significantly different location as com-
pared to when considering black hole horizons and even moves back in time. These differences
turn out to be essential for non-violation of the no-cloning theorem in combination with en-
tanglement wedge reconstruction. This consideration furthermore introduces the need for a
scrambling time of which the entropy dependence turns out to coincide with what is expected
for black holes.
The model we employ has pure three-dimensional de Sitter space as a solution. We
dimensionally reduce to two dimensions in order take into account semi-classical effects. Nev-
ertheless, we expect the aforementioned qualitative features of the island to persist in higher
dimensions.
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1 Introduction
de Sitter space is currently arguably the most elusive of maximal symmetric spaces. For
example, compared to flat space and anti-de Sitter, a solid holographic interpretation or
string theoretical realization are still not as well understood, see e.g. [1–7] and references
therein. This poses a challenge, since we have strong indications to believe that our current
universe at large scales can be approximated by de Sitter space and furthermore, also early
universe inflation can be approximated by this space, see e.g. [8].
An enigmatic feature of de Sitter space is the appearance of inherently causally dis-
connected regions. Each observer can only access parts of the universe, bounded by their
cosmological horizon. At the semi-classical level this horizon, much like in the case of a
black hole, emits and reabsorbs radiation, called Gibbons-Hawking radiation [9]. The simi-
larity does not end here, as one can associate entropy to the cosmological horizon through
the Bekenstein-Hawking formula [9]. However, a key difference is that, in contrast to black
holes for which we believe that this entropy counts microstates, the cosmological horizon is
an observer dependent property and its entropy is thus believed to measure the observer’s
– 1 –
ignorance about what lies beyond the cosmological horizon. See reviews [10–12] for more
details.
In this paper we point out some more similarities between black holes and pure de Sitter
space.1 We show that the entanglement entropy between radiation in the finite region bounded
by an observer’s cosmological horizon and radiation beyond the cosmological horizon saturates
at the value for the Bekenstein-Hawking formula evaluated at the cosmological horizon. We
furthermore show that one can associate a scrambling time in the sense of the Hayden-Preskill
protocol [13] to the cosmological horizon, which seems to be in line with e.g. [14, 15].
To arrive at these results we have employed the quantum Ryu-Takayanagi or island
formula [16–23]. The island formula has been used to reproduce the Page curve [24, 25] for
various black holes [21–23, 26–40], which in essence implies that at late time entanglement
entropy in those systems stops growing and is in fact bounded by an amount of entropy
matching the Bekenstein-Hawking formula evaluated at the horizon. This transition is directly
related to the appearance of an island region behind the horizon which is associated to
the system outside the black hole. Although the island formula was initially motivated by
holography, one can also reach the same conclusion using the replica trick and its extensions,
see e.g. [41, 42]. Islands in cosmology have been studied in [33–35, 37, 38]. Entanglement
entropy in de Sitter space has been studied in Refs. [43–45] from a holographic point of view.
To fully utilize the island formula one has to provide a gravitational model with semi-
classical corrections. To comply with this requirement, we study pure de Sitter space in three
dimensions by doing a dimensional reduction to two dimensions such that we are able to take
into account semi-classical corrections using the conformal anomaly along the lines of Refs.
[46, 47]. We would like to emphasize that the resulting two-dimensional causal diagram is
different from the pure two-dimensional de Sitter space causal diagram, see Figure 1, and is
in fact an avatar for three-dimensional pure de Sitter space.
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Figure 1. Left: Causal diagram of pure de Sitter space beyond two dimensions (more details in
Section 3). The vertical lines are identified as the North and South pole. Right: Causal diagram
of pure de Sitter space in two dimensions. Horizontal slices represent a circle. In both figures the
diagonal lines indicate cosmological horizons and horizontal lines I±.
The island we find in pure de Sitter space exhibits two features which, to our knowledge,
1 With pure we refer to the fact that at classical level there is only a cosmological constant and no matter.
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contrast the behavior of islands appearing in the context of black holes. Firstly, the island
does not arise near the future horizon. Secondly, the island moves back in time. See Figure 2
for a comparison. We will argue that both these features are essential because otherwise the
no-cloning theorem would be violated when entanglement wedge reconstruction is applied
[21, 48–53]. As a result we speculate that qualitatively this island behavior holds beyond
three dimensions.
This paper is organized in the following fashion. We start by motivating our way to use
the island formula in Section 2. Afterwards we introduce the model in Section 3. In Section 4
we evaluate the island formula and present the Page curve. We discuss the importance of the
location of the island and the fact that it moves back in time in Section 5. We end with an
outlook in Section 6. Throughout this paper we put the speed of light c, Boltzmann constant
kB and Planck’s constant ~ to unity.
Note added: While this work was nearing completion, complementary work discussing
– amongst other topics – islands in de Sitter space appeared [34, 35]. In this same period
another work [37] on islands in de Sitter space appeared, which reaches the same conclu-
sion about entanglement entropy of pure de Sitter space capping off, but using a different
implementation of the island formula.
2 Motivation island formula usage and setup
In the seminal works on the island formula [21, 22] an evaporating black hole in Anti-de Sitter
space is studied. The evaporation occurs due to the fact that radiation is allowed to escape
into a coupled heat bath. Using the island formula, the entanglement between the radiation
in the bath and the complement, i.e. the gravitational system, is studied. At late times the
island formula predicts that the entanglement entropy cannot keep on increasing due to the
formation of a so-called island region behind the horizon which is part of the entanglement
wedge of the heat bath. This reproduces the Page curve. The validity of this computation
can be motivated using the AdS/CFT duality [54–56] and the replica trick [41, 42].
In Ref. [28] an evaporating and eternal black hole in flat space are studied by introducing
an anchor curve. The anchor curve can be thought of as a divider of regions, as we will argue.
The anchor curve is placed at some large radial location – far away from the black hole – and
as a result there is effectively flat space on the right hand side and the gravitational system
is contained on the left hand side, see Figure 2. In this case the island formula computes the
entanglement of the radiation passing through the right hand side of the anchor curve with the
complement on the left hand side of the anchor curve. At late time this also yields an island
and reproduces the expected Page curve. The holographic motivation of this computation
is less obvious than the aforementioned setup [28, 31], although the employed model has a
known supergravity pedigree [47].
In the current work we consider pure de Sitter space in three dimensions. Each observer in
de Sitter space experiences radiation coming from and being reabsorbed by their cosmological
– 3 –
island
no island
no island
island
Figure 2. In both figures the pink dot indicates the location of the extremal surface, the green dot
indicates the location of the anchor point on the anchor curve (green line). The orange arrows denote
movement directions in time and the brown wavy arrows represent semi-classical radiation. Left: A
Penrose diagram of an eternal black hole in flat space is shown [28] where the gray wavy line denotes
the location of the black hole singularity and the dashed lines represent the horizon. Right: Penrose
diagram of pure de Sitter beyond two dimensions. The vertical lines can be reached in finite time, the
diagonal lines represent the cosmological horizon and the horizontal lines represent timelike infinity.
For more details see Section 3.
horizon. In analogy to the aforementioned black holes in flat space, we employ an anchor
curve. This time the anchor curve will be ‘hugging’ the cosmological horizon at late times,
see Figure 2. We are then interested in computing the entanglement between the radiation
passing through the right hand side of the anchor curve, i.e. all radiation contained in an
observer’s cosmological horizon at some instant of time, and the complement on the left hand
side of the anchor curve. The main theme of this paper is to analyze what occurs in this
setup. This approach has a more conjectural nature than the aforementioned investigations.
3 The model under consideration
We consider a model with a pure three-dimensional de Sitter space as a solution and then we
reduce it to two dimensions because this simplifies the semi-classical analysis. This is in the
spirit of e.g. Refs. [57–60].
3.1 Three-dimensional de Sitter space and its two-dimensional reduction
The three-dimensional action yielding pure de Sitter space is given by
S3d =
1
16piG3d
∫
d3x
√−g3d [R3d − 2Λ] + 18piG3d
∫
d2x
√
−h3dK3d , (3.1)
where the Einstein Equations give us R3d = 6Λ and the last term is the usual Gibbons-
Hawking-York term. In conformal coordinates the three-dimensional de Sitter space metric
is given by
ds2 = 1(
1− x+x−
`2
)2
−4dx+dx− + (1 + x+x−
`2
)2
`2dθ2
 , (3.2)
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where θ has the range [0, 2pi] and −1/Λ ≤ x+x− ≤ 1/Λ, see Figure 3 for a related conformal
diagram. Plugging this metric into the Ricci scalar, we obtain R3d = 6/`2 and we therefore
conclude Λ = `−2. Here ` represent the de Sitter length. One can relate these conformal
x+x−
r = 0
r∗ = 0
x+x− = −1/Λ
‘North pole’
r = 0
r∗ = 0
x+x− = −1/Λ
‘South pole’
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r =∞ , r∗ = 0 , x+x− = 1/Λ
‘Future infinity’
Figure 3. Conformal diagram for the three-dimensional de Sitter space, which is inherited by the two-
dimensional de Sitter space. The transverse space at every point is a circle. The conformal coordinates
in the north pole wedge are given in (3.3).
coordinates to the de Sitter space static patch of the North pole via
x± = ± 1√
Λ
e±
√
Λσ± , σ± = t± r∗ , (3.3)
where r∗ is the tortoise coordinate in the static patch, which ranges from the cosmological
horizon r∗ = −∞ (here Schwarzschild radius r = `) to r∗ = 0, which is the North pole (here
Schwarzschild radius r = 0). Using Appendix A we can relate r to r∗ and we can derive that
the Gibbons-Hawking temperature is given by
T =
√
Λ
2pi . (3.4)
Using the Bekenstein-Hawking entropy one derives the entropy of de Sitter space in three
dimensions to be [9, 61]
S = pi
2G3d
√
Λ
. (3.5)
For dimensional – circular – reduction we use the following Ansatz
ds2 = −e2ρ(x+,x−)dx+dx− + φ2(x+, x−)dθ2 , (3.6)
which will translate to conformal coordinates in two dimensions. For simplicity, we choose to
put the Kaluza-Klein vector to zero. This provides us with the following identities
√−g3d =
√−g2dφ ,
∫
d3x =
∫
d2x2pi , R3d = R2d − 2
φ
2dφ . (3.7)
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Choosing Φ to be dimensionless, we introduce
1
4G3d
φ = 1
pi
Φ , (3.8)
which yields the dimensionally reduced action:
S2d =
1
2pi
∫
d2x
√−gΦ [R− 2Λ]− 1
pi
∫
d2x
√−gΦ + 1
pi
∫
dx
√−hΦK , (3.9)
where we dropped most subscripts referring explicitly to two dimensions and the ‘two-dimensional
Newton’s constant’ can be read off to be G2d = 1/8. The bulk matches the Jackiw-Teitelboim
(JT) model with an opposite sign in the potential [62, 63].2 By matching to the higher di-
mensional origin we find the following solutions to the fields
e2ρ = 4
(1− Λx+x−)2 , Φ =
S
2
1 + Λx+x−
1− Λx+x− , (3.10)
where three-dimensional entropy S was introduced in (3.5). We check that the two-dimensional
entropy coincides with the three-dimensional entropy by using the Bekenstein-Hawking for-
mula (see e.g. [65])
two-dimensional entropy := Area4Geff
∣∣∣∣
horizon
= 2Φhorizon = S , (3.11)
where the Area at the horizon is unity and Geff = G2d/Φ.3 The temperatures in two and
three dimensions also coincide.
As a sanity check we consider the equation of state by computing the Euclidean action.
We get an obvious cancelation between the Ricci scalar and the cosmological constant and
the Gibbons-Hawking-York boundary contribution at the North pole vanishes. The remaining
boundary term is the only one that contributes. The result is given by
SEucl. =
∫ 1
T
0
dτ
∫ −∞
0
dr∗
[ 2i√
Λ
e2r∗
]
i
(
−2S(3)Λ
pi
1− e2r∗
(1 + e2r∗)3
)
= − 1
T
S
√
Λ
2pi = −S . (3.12)
As a result the free energy F is found to be given by F/T =: SEucl. = −S, which is in
accordance with what one should find, see e.g. [66].
The here studied solution is different from the two-dimensional de Sitter space solutions
studied in Refs. [34, 35, 37], where islands were studied as well. Namely, pure two-dimensional
de Sitter space solutions do not end at x+x− = −1/Λ, but rather extend further and even
2If one were to start from a higher than three-dimensional Einstein-Hilbert action, you would get more
terms in the final potential than only the JT term with the opposite sign. This is clear when considering the
spherical reduction of a four-dimensional de Sitter space background, see e.g. [64], to arrive in two dimensions.
If we then perform a Weyl rescaling in order to get rid of the kinetic term for the dilaton, the potential will
have a term depending on Φ beyond the JT term. This would spoil the simple analytic behavior of JT.
3Here Geff arises because the dilation mediates the gravitational coupling strength by appearing in front of
the Ricci scalar in (3.9).
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have a periodic identification, recall Figure 1 in the introduction. This causal structure is
akin to the Schwarzschild-de Sitter black hole in e.g. four dimensions and can in fact be
obtained by taking the black hole horizon close to the cosmological horizon followed by a
near horizon limit. This gives one Nariai space see e.g. [11, 12, 67], which, when spherically
reduced, becomes the two-dimensional de Sitter space solutions studied, amongst others, in
[34, 35, 37]. We stress, however, that in this work we focus on the causal structure of a higher
dimensional pure de Sitter space instead.
3.2 Semi-classical corrections
Let us consider the reduced model we obtained in the previous subsection. In the spirit of e.g.
Refs. [46, 47, 68], we add conformal fields (CFT) with central charge c and a semi-classical
loop correction corresponding to the conformal anomaly known as the Polyakov term:
S2d =
1
2pi
∫
d2x
√−g
[
Φ (R− 2Λ)− c48R
1
∇2R
]
+ SCFT , (3.13)
where we chose to drop the boundary terms without any loss of generality. Due to the
Polyakov term, there will be a non-zero energy flux that we will associate to radiation and
the solution for Φ will be back reacted. The Polyakov term is not motivated from higher
dimensional logic. The addition of these terms is self-consistent if S  c  1. The large c
is needed in order suppress any other loop order corrections. However, c can not be so large
that it dominates the classical term, which is proportional to entropy S. Large entropy S
can also be translated into 1/
√
Λ = `  G3d which is the configuration in which classical
contributions indeed should dominate.
In conformal coordinates the equations of motion and constraints read:
2∂+∂−Φ− ΛΦe2ρ = TPolyakov+− , (3.14)
− 2e2ρ∂±
[
e−2ρ∂±Φ
]
= TCFT±± + T
Polyakov
±± (3.15)
R = 2Λ , (3.16)
where the first and second equation come from the off-diagonal and diagonal part, respectively,
of the Einstein equations. The third equation comes from the variation of Φ. We assume
that the equation of motion for the CFT is satisfied and that its energy-momentum tensor
TCFT±± = 0.4 Furthermore the energy-momentum tensor associated to the Polyakov term is
given by
TPolyakov±± =
c
6
[
∂2±ρ− ∂±ρ∂±ρ
]
− c12 t±(x
±) , TPolyakov+− = −
c
6∂+∂−ρ , (3.17)
where t±(x±) will be explained below. If we take c = 0, the semi-classical corrections dis-
appear and we restore the classical result. Using that the equation R = 2Λ is solved by
4A c amount of free massless scalars would satisfy this requirement, for instance [47].
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e2ρ = 4(1−Λx+x−)2 (meaning that the geometry remains unchanged) the relations in (3.17)
simplify further to
TPolyakov±± = −
c
12 t± , T
Polyakov
+− = −
c
48e
2ρ . (3.18)
We now consider t±(x±). These functions are interpreted as the flux for an observer at the
North pole (see Figure 4) and depend on what we choose as our quantum mechanical vacuum
in what coordinates, see e.g. [65, 66]. Following [9], we will make the choice that the observer
experiences thermal equilibrium in the static patch, i.e. in the σ± coordinates. This translates
into equal ingoing and outgoing flux at a temperature of T =
√
Λ/(2pi) (the Gibbons-Hawking
temperature one expects from the metric, see Appendix A), which is also known as the Hartle-
Hawking state. This defines the values for t±(σ±) in the following way. For a two-dimensional
CFT on a plane, i.e. in the σ± coordinates, we know that TPolyakov±± = −T
2pi2c
6 , see e.g. [69].
Requiring the Gibbons-Hawking temperature T =
√
Λ/(2pi), we obtain TPolyakov±± = − c12 Λ2 .
This implies that t±(σ±) = Λ/2.
Starting from the relation between conformal coordinates x± and static patch coordinates
σ± given in Eq. (3.3), we can use the anomalous transformation of the energy-momentum
tensor via a Schwarzian derivative to find the following relation, where the accents indicate
derivation with respect to σ±,
(x′±)2t±(x±) = t±(σ±) + x
′′′±
x′±
− 32
(
x′′±
x′±
)2
⇒ 12 t±(x
±) = t±(σ±)− Λ2 , (3.19)
which means that t±(x±) = 0. This value in the x± coordinates is analogous to what happens
in the semi-classical eternal black hole, see e.g. [26, 28, 31, 47], which is also in thermal
equilibrium.
It turns out that only Φ, which arises from solving Eq. (3.16), receives a semi-classical
correction
Φ = S2
1 + Λx+x−
1− Λx+x− +
c
24 =
S
2 (1 + )
1 + 1−1+Λx+x−
1− Λx+x− , (3.20)
where we defined
 := c12S  1 . (3.21)
It remains true that the gravitational coupling is strong when Φ is near 0.5 However, now
Φ goes to zero when x+x− = −1+1−1/Λ, which is outside the range of what the coordinates
5Following e.g. [70], we can check that Φ = 0 still corresponds to the point where the gravitational coupling
becomes strong, by computing the gravitational coupling constant directly from the action and by afterwards
studying the prefactors of the kinetic terms in conformal coordinates. While for simplicity introducing Φ = e−φ,
we can then group the kinetic terms in the action as ∂+χ ·M · ∂−χ where χ = (φ, ρ). We find
M =
(
0 2Φ
2Φ − c6
)
. (3.22)
The following expression can be interpreted as the gravitation coupling constant: [−(detM)/4]−1/4 = Φ−1/2,
which indeed confirms that gravitational quantum corrections become strong near Φ = 0.
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cover and we thus do not have to worry about coupling becoming strong in regions of our
interest. The resulting semi-classical Penrose diagram is presented in Figure 4.
r =∞, r∗ = 0
x+x− = 1/Λ
I+
I−
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Figure 4. Penrose diagram of semi-classical de Sitter space with radiation in the North pole wedge
defined with respect to the Hartle-Hawking vacuum. The dilaton Φ is weakly coupled in all these
regions.
4 Evaluating the generalized entropy
We place an anchor curve very close to the cosmological horizon, as discussed in Section 2.
This allows us to consider the generalized entropy between the interior of the cosmological
horizon and the complement, see Figure 5 below. It will turn out that the generalized entropy
grows initially, but saturates at a value of the generalized entropy corresponding to the value
of the Gibbons-Hawking entropy evaluated at the cosmological horizon, see Figure 6.
4.1 The generalized entropy
The formula for the generalized entropy is given by [16–18, 20, 21, 23]
Sgen =
Area(I)
4Geff
+ SBulk[SAI ] , (4.1)
where I is the location of the extremal surface (just a point in our case), which is found by
extremizing Sgen, and SBulk[SAI ] is the von Neumann entropy of the radiation in spacelike
surface SAI , which lies between I and anchor point A, see Figure 5. Using the generalized
entropy one is instructed to compare the island and the no island configurations and pick
the one with the lowest generalized entropy at each instance of time. This is the mechanism
which will give us a transition in the behavior of the entanglement entropy growth. We will
now assemble (4.1) into usable form.
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In equation (3.11) we concluded that
Area(I)
4G2d
= 2Φ(I) . (4.2)
To evaluate SBulk[SAI ] we will use the approach of [23]. The approach entails that we will
use the AdS/CFT duality to compute this von Neumann entropy. To make this technically
feasible we perform a Weyl rescaling in order to strip off the e2ρ factor in the metric such
that we obtain flat space. This allows us for embedding into three-dimensional Anti-de Sitter
space and we can then use the Ryu-Takayanagi formula [16] to find an expression of the von
Neumann entropy in terms of the length of the extremal surface in three-dimensional Anti-de
Sitter space. Using the Brown-Henneaux formula [71] one can relate the three-dimensional
Newton’s constant to the central charge c. Since we will be interested in comparing different
generalized entropies, we can ignore the arising UV cutoff parameter. More computational
details on the here followed approach can be found in e.g. [28].
After undoing the Weyl rescaling such that we are back in the x± coordinates, we find
SBulk[SAI ] = c12 log
[
e2ρIe2ρA(x+A − x+I )2(x−A − x−I )2
]
. (4.3)
This same result was also found in [72] without using the AdS/CFT duality. Plugging the
expressions for the von Neumann entropy and the area term into (4.1) and adopting the
rescaled coordinates v =
√
Λx+ and u =
√
Λx−, we explicitly obtain
Sgen/S = (1 + )
1 + 1−1+vIuI
1− vIuI +  log
[
16 (vA − vI)
2(uA − uI)2
(1− vIuI)2(1− vAuA)2
]
. (4.4)
Typically we consider the time coordinate of an anchor point on the anchor curve, tA, at
late time, i.e. tA ∼ 1/, where  = c/(12S)  1. The spatial location of the anchor curve,
in terms of the tortoise coordinate r∗, we choose rA ∼ 1√Λ log , such that at late times the
anchor curve will be ‘hugging’ the cosmological horizon. If we would take rA faster to −∞,
the island would end up outside the allowed range of the coordinates.
4.2 Island, no island, and the Page curve
Island scenario. Let us consider the case in which there is an island. In order to find the
location of the island, we have to extremize the generalized entropy (4.4) with respect to vI
and uI , which respectively gives us
uI(vA − vI) + 
(
(vA − vI)(1− uIvI)− (1− vIuI)2
)
(1− uIvI)2(vA − vI) = 0 , (4.5)
vI(uA − uI) + 
(
(uA − uI)(1− vIuI)− (1− vIuI)2
)
(1− uIvI)2(uA − uI) = 0 . (4.6)
This yields three solutions. One of these solutions lies beyond the allowed range of x+x− ≥
−1/Λ. Another solution lies to the right hand side of the anchor curve and is therefore
– 10 –
discarded. At leading order in , we are left the solution6
vI ≈ − 12 e
√
ΛtA , uI ≈  12 e−
√
ΛtA , (4.7)
where we assumed rA = a√Λ log , with a some positive real number that drops out of the
result at this order.
island I
no island
A
Figure 5. The green curve represents the anchor curve which divides the system into the interior
of the cosmological horizon (red line) and its complement. The green dots are anchor points (A) and
the pink dot the extremal surface (I). After some time there is a transition of dominance of the ‘no
island’ solution and the ‘island’ solution.
We present the island scenario in Figure 5. Notice that the island runs downwards, as
time tA on the anchor curve increases. Filling out the location of the extremal surface into
the generalized entropy formula (4.4) gives us
Sisland/S = 1 +O() . (4.8)
No island scenario. In the case that there is no island, we have to study the trivial
surface ∅. This requires us to put vI = v0 and uI = u0, where v0 < 0 and u0 > 0 are fixed
6The full island solution (without any approximation, but with Λ = 1 for simplicity) is given by
vI = −etA
22/3X2/3 + 2erA 3
√
X(− 1) + 2 3√2e2rA
((
1− 3e2rA
)
2 −
(
3e2rA + 2
)
+ 1
)
6e2rA 3
√
X
,
uI = e−tA
22/3X2/3 + 2erA 3
√
X(− 1) + 2 3√2e2rA
((
1− 3e2rA
)
2 −
(
3e2rA + 2
)
+ 1
)
6e2rA 3
√
X
,
X =9e5rA
(
23 + 
)
+ 2e3rA(− 1)3
+ 3
√
3e4rA
√
−e2rA + 4 (e2rA + 1)2 4 + 12 (e4rA − 1) 3 + 4 (3e4rA + 5e2rA + 3) 2 + 4 (e4rA − 1)  .
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points for which v0u0 = −1. The generalized entropy is not sensitive to further details of v0
and u0 at leading order in :
Sno island/S = 2tA
√
Λ +O() . (4.9)
Page curve. We can now evaluate Sgen = min(Sisland, Sno island). We plot this in Figure
6. At Page time tA = 1/(2
√
Λ) there is a transition from the growing behavior to capping off
at Sgen = S. In this setup, tA = 0 is some arbitrary moment.7 The important message is that
the Sgen is actually bounded from above by the Gibbons-Hawking entropy S. Furthermore,
as Λ→ 0, the limit in which we return to flat space and the size of the cosmological horizon
blows up, indeed, the page curve predicts that entanglement entropy between the interior of
the cosmological horizon and ‘what lies beyond’ will grow forever.
tA = 0 tA = 12√Λ tA
Sgen
Sgen = S
Figure 6. The Page curve for a static patch in de Sitter space.
5 The island moving back in time and entanglement wedge reconstruction
5.1 Island location
The island in de Sitter space is far away – unreachable in fact – from the cosmological horizon
in which somebody from the North pole could throw something. This is in contrast to black
holes in e.g. flat space and Anti-de Sitter space, see e.g. [21, 22, 26, 28], where the island is
always found close to this future horizon. This difference in location is important, because
otherwise you could harm the no-cloning theorem when combined with entanglement wedge
reconstruction, as we will argue below.
7Although one could also consider a setup in which one e.g. tunnels into this state, in which case tA = 0
would be a meaningful moment [73].
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The idea of entanglement wedge reconstruction suggests, see e.g. [21], that having an
island near the future horizon implies the possibility of using Hawking radiation for decoding
something that falls through the horizon. This is true because the entanglement wedge of
the island is associated with the entanglement wedge on the right hand side of the anchor
curve, i.e. the region of all the radiation passing through some observer’s cosmological bubble
at some moment, see Figure 7 for a comparison. In the case of the black hole, if something
falls into the horizon, at some moment it will be in the entanglement wedge of the island
and therefore reconstructable for an observer who collects radiation in the corresponding
entanglement wedge outside the horizon. The island in de Sitter space tells us that one will
not be able to reconstruct things that fall into the cosmological horizon.
Figure 7. In both figures the pink dot indicates the location of the extremal surface, the green dot
indicates the location of the anchor point on the anchor curve (green line). The orange arrows denote
movement directions in time. Left: A Penrose diagram of an eternal black hole in flat space is shown
[28] where the gray wavy line denotes the location of the black hole singularity. As soon as a diary
enters the entanglement wedge within the event horizon (dashed lines), someone on the right hand
side of the anchor curve can in principle reconstruct this diary. For generic black holes the extremal
surface will be just inside or outside the future event horizon, allowing for reconstruction of things
falling in. Right: Penrose diagram of pure de Sitter space beyond two dimensions. Due to the location
of the entanglement wedges, someone within the North pole wedge will be unable to reconstruct things
falling into the cosmological horizon of the North pole wedge.
We can verify this island behavior in de Sitter space by doing a Gedankenexperiment
which does not involve islands. If one were able to reconstruct the diary from radiation in de
Sitter space, the following could happen. Bob, who sits on the North pole, tosses his diary
through his cosmological horizon. Alice, who sits in Bob’s wedge, starts to collect radiation
and at some moment, after some time called scrambling time, she has reconstructed Bob’s
diary entirely. She jumps into the future cosmological horizon of Bob and catches up with
the diary and thus possesses two exact versions of this diary, which violates the no-cloning
theorem. In the case of the black hole, it can be shown that if Alice waits for scrambling
time, the diary will inevitably fall into the singularity before Alice can chase it down, see e.g.
[13, 74]. The no-cloning theorem is preserved.
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In other words: in absence of a singularity in de Sitter space, the island has to be where
it is, because otherwise Alice can reconstruct the diary and then has all the time in the world
to chase after the original diary behind the horizon.
5.2 Island moving back in time
Another striking difference with islands arising in black holes, is that the island in de Sitter
space travels back in time, as tA increases. It is important that the island runs back in time,
as will be clear from the following Gedankenexperiment.
C
B
A
t1
t2
Figure 8. A Penrose diagram of de Sitter space is shown. The green line is the anchor curve and the
green point is the anchor point. The pink dot represent the extremal surface and the red and blue
wedges are entanglement wedges. The red entanglement wedge of the island and the red entanglement
wedge on the right hand side of the anchor curve are associated with each other as discussed in e.g.
[21].
Let us again place Bob (B) with his diary on the North pole. We put Alice (A) on the
south pole in the entanglement wedge of the island, see Figure 8 for the setup. As long as
Alice and Bob are in the entanglement wedge, we assume that Alice is able to reconstruct
Bob’s diary (who has not tossed it through his horizon yet) from collecting radiation. As
soon as either of them move out of the wedge, it is impossible to reconstruct.
If Alice succeeds in reconstructing Bob’s diary there would be a scenario possible in which
they both toss their diaries (i.e. Bob his own diary and Alice her copy of Bob’s diary) into
their own cosmological horizon and Charlie, who lives beyond both cosmological horizons,
can then compare both diaries and conclude that the no-cloning theorem has been violated.
To make sure this does not happen, we have to limit the time Alice can spend within the
entanglement wedge and as a result it has to be that the island moves back in time, instead
of moving in the same direction as Alice. However, Alice can still spend a finite amount of
time within the wedge. It therefore has to be, in order to preserve the no-cloning theorem,
that within this timescale decoding should be impossible.
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We can compute this timescale. Using t = 12√Λ log(−u/v) we can compute the time
difference between t1 and t2 (see Figure 8). In analogy to the Hayden-Preskill protocol for
black holes [13], this will encode the scrambling time ts, the minimal time it takes to be able
to reconstruct something in such a setup, in order to protect the no-cloning theorem. It is
found that for pure de Sitter, the scrambling time is
ts ∼ 12piT logS +O() , (5.1)
where we inserted temperature T in favor of Λ using (3.4). This coincides with the scrambling
time value computed for black holes. If we would have taken rA to go to −∞ slower than
∼ log , e.g. rA ∼ −c, then ts ∼ −c. However, the point is that ∼ 12piT logS is the maximal
time scale for which one minimally has to wait before being able to reconstruct something
from the radiation.
These Gedankenexperiments do not rely on specific dimensions. We speculate that the
same qualitative island behavior should hold for any pure higher dimensional de Sitter space
as well.
6 Outlook
In this paper we used two-dimensional methods to study islands in a model that has pure
three-dimensional de Sitter space as its solution. We used the island formula to find that the
entanglement entropy of the static patch cannot grow beyond the Gibbons-Hawking entropy
evaluated at the cosmological horizon. This island is furthermore found to behave differently
from islands of black hole horizons in e.g. Anti-de Sitter space and flat space because 1) it
moves back in time and 2) it sits in a different quadrant of the Penrose diagram. We verify
that this has to be the case, because otherwise the no-clone theorem would be harmed in
Hayden-Preskill like setups [13, 75] when combined with entanglement wedge reconstruction.
It is tempting, especially aided by the Gedankenexperiments, to speculate a same type of
qualitative island behavior beyond three dimensions. We furthermore expect the scrambling
time to generalize to higher dimensions as well. This would be an interesting avenue of
research.
Even though the specific incarnation of the island description used in this paper is specu-
lative, the results it gives seem reasonable. In fact, in [37] using the replica trick the conclusion
about the Page curve capping off is also reached. The approach employed in the current paper
does not make any specific use of the Penrose diagram quadrant that contains I+, which is
the location of the conjectured dual of de Sitter space, see e.g. [1]. From that perspective
it would be interesting to try to motivate the here performed analysis in some holographic
setting in the hope that it might prove insights about de Sitter holography. A worthwhile
starting point could be the dS/dS correspondence [76].
Apart from entropy and temperature, we see that the cosmological horizon shares fea-
tures with black holes such as a Page curve and scrambling time. What about the status of
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holographic complexity of pure de Sitter space with semi-classical correction? Employing the
here used approach of anchor curves, one can revisit de Sitter complexity, see e.g. [77], along
the lines of [78, 79], for potential new insights.
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A de Sitter space in different coordinates
In this Appendix we establish the connection between the Schwarzschild radial coordinate r
and the tortoise coordinate r∗. We furthermore explicitly go from the static patch coordinates
to the conformal coordinates. Let us start from a slightly more general de Sitter space metric
than used in the main text:
ds2 = −fdt2 + dr
2
f
= f(−dt2 + dr2∗) , f = b− 2Mr − αr2 . (A.1)
In order to match the main text, we keep in the back of our mind that M = 0, b = 1
and α = Λ = 1/`2. Using the usual Euclidean method one can compute the associated
temperature to be given by
T =
√
M2 + bα
2pi . (A.2)
In order to go to conformal coordinates it is convenient to explicitly compute the relation
between r∗ and r. This is given by
r∗ =
1√
M2 + bα
ArcTanh
[
M + αr√
M2 + bα
]
, (A.3)
where (−√M2 + bα −M)/α ≤ r ≤ (√M2 + bα −M)/α (note that there is no reason here
that r cannot be negative, the maximum is attained at −M/α) and −∞ ≤ r∗ <∞. Inverting
the relation between r and r∗ we obtain
f(r∗) =
M2 + bα
α
( 2
e
√
M2+bαr∗ + e−
√
M2+bαr∗
)2
= −4M
2 + bα
α
UV
(1− UV )2 , (A.4)
where we introduced conformal coordinates
U = −e
√
M2+bα(−r∗−t) , V = e
√
M2+bα(−r∗+t) , (A.5)
UV = −e−2
√
M2+bαr∗ , dUdV = −(M2 + bα)e−2
√
M2+bαr∗(−dt2 + dr2∗) , (A.6)
so finally we find the conformal coordinates
ds2 = − 1
α
4dUdV
(1− UV )2 . (A.7)
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